The spectrum and dominant strong decay properties of the doubly heavy baryons are revisited by using a chiral effective model with chiral partner structure. By regarding the doubly heavy baryons in the ground states and light angular momentum j l = 1/2 sector of the first orbitally excited states as chiral partners to each other, we estimate the mass splitting of the chiral partners which arises from the spontaneous breaking of chiral symmetry to be about 430 MeV for baryons including an unflavored light quark and about 350 MeV for that including a strange quark. We point out that, similar to the heavy-light meson sector, the intermultiplet decay from a baryon with negative parity to its chiral partner and a pion is determined by the mass splitting throught the generalized Goldberger-Treiman relation. Furthermore, the isospin violating decay of Ωcc baryon,
The spectrum and dominant strong decay properties of the doubly heavy baryons are revisited by using a chiral effective model with chiral partner structure. By regarding the doubly heavy baryons in the ground states and light angular momentum j l = 1/2 sector of the first orbitally excited states as chiral partners to each other, we estimate the mass splitting of the chiral partners which arises from the spontaneous breaking of chiral symmetry to be about 430 MeV for baryons including an unflavored light quark and about 350 MeV for that including a strange quark. We point out that, similar to the heavy-light meson sector, the intermultiplet decay from a baryon with negative parity to its chiral partner and a pion is determined by the mass splitting throught the generalized Goldberger-Treiman relation. Furthermore, the isospin violating decay of Ωcc baryon, ((1/2) − , (3/2) − )s → ((1/2) + , (3/2) + )s + π 0 through the η-π 0 mixing is the dominant decay channel of the doubly heavy baryons including a strange quark. The heavy hadron spectroscopy has drown extensive attention since last decade because of the observation of the large amount of heavy hadrons in particle colliders. It is reasonable to expect that more and heavier resonances, such as the doubly heavy baryons (DHBs) concerned in this work, could be observed by the ongoing and future scientific facilities such as LHCb and Belle II.
The existence of DHBs is an immediate prediction of QCD. The theoretical discussion of these baryons has been done for a long time [1] [2] [3] . Meanwhile, several experimental efforts have been made to detect such states and the positive results from SELEX shows that the mass of the doubly charmed baryons Ξ + cc is about 3520 MeV [4] . In this paper, we investigate some properties of the DHBs based on the chiral partner structure. Since there is only one light quark in a DHB, unlike the light baryons, its chiral behaviour is quite simple.
The chiral partner structure of hadrons including heavy quark has been studied by several groups. In the heavy-light meson sector, the pioneer idea was proposed by Nowak et al. in Ref. [5] and then Bardeen and Hill [6] . In this picture, the heavy-light meson doublets in the heavy quark limit with quantum numbers (1 − , 0 − ) and (1 + , 0 + ) are regarded as chiral partners to each other and the mass splitting of them is induced by the dynamical breaking of the chiral symmetry so that the magnitude is about the constituent quark mass. This was confirmed by the spectrum of the relevant particles:
MeV (see, e.g., Refs. [7] [8] [9] ). In the sector of heavy baryons including a heavy quark, the chiral partner structure are mainly accessed based on the bound state approach (see, e.g., Ref. [10] and references therein). In this sector, there * yongliangma@jlu.edu.cn † harada@hken.phys.nagoya-u.ac.jp are some disagreements about the chiral partner structure. Normally, the chiral partner of the ground state baryon Λ c (2268)(
+ ) is regarded as Λ c (2595) with
− . However, a recent analysis with including the lowest lying vector mesons ρ and ω meson effects shows that the chiral partner of Λ c (
heavy quark doublet with a mass of about 3.1 GeV [10] . This disagreement might arise from the fact that, in contrast to the heavy-light meson sector and also the DHBs considered in this work, in the heavy baryons including one heavy quark, there are two light quarks so their chiral properties are not so simple.
Schematically, the quark contents of a DHB can be written as QQq with Q and q being the heavy quark and light quark constituents, respectively. Since the DHB is a colorless object, the two heavy quarks in it form an anti-color triplet [7] . Because the heavy quarks in the DHB have a large mass, it takes a much larger energy to orbitally excite the heavy constituent quark than to orbitally excite the light one, it is reasonable to regard the two constituent quarks as an static compact object without orbital excitation and denote the constituent of the DHB asΦq withΦ being the heavy quark component which should be a bosonic quantity. With such an intuitive picture in mind, one can define the chiral partner structure similar to that in the heavy-light meson sector [5, 6] .
Since two heavy quarks in a DHB is antisymmetric in color space, they should have the total spin J Q = 1 in swave and, therefore DHBs in the ground states can form a heavy quark doublet D and N µ Q as chiral partners to each other and DHBs constructed from j l = 3 2 can be regarded as chiral partners of some states from l = 2 baryons [7] .
Similar to the heavy-light meson case, since there is only one light quark in a DHB, we can write the DHB doublets D 
where g L,R ∈ SU (3) L,R . In terms of the D Q and N Q , we can write
Q;L,R = 0 for preserving the heavy quark symmetry and keeping the transversality. And, for later convenience, following the procedure given in Ref. [11] , we write the DHB doublets D 
which is the same as that for the heavy baryons including one heavy quark [12, 13] and Ψ (′)µ QQ is the spin- 
When the heavy quark in the DHB is c quark and the light quark is either of u, d and s quarks, the DHB field, for example Ψ QQ stands for Ξ Now, we are in the position to construct the chiral effective theory of DHBs in the chiral basis. We note that the quark-diquark symmetry [14] relates the doubly heavy baryons with the heavy mesons having the same Brown muck [15] . For relating the parameters based on the quark-diquark symmetry, we first write an effective Lagrangian for the heavy-light mesons with the chiral partner structure by introducing chiral fields H L,R [5, 6] . These chiral fields relate to the heavy-light meson
where G and H are heavy-light meson fields with the positive and negative parity, respectively. In terms of the physical states, they are expressed as
It should be noticed that, since in the heavy-light meson fields, the heavy component is a heavy quark and the light component is a light antiquark, not the chiral fields
as the chiral quark fields q L,R under chiral transformation, i.e., the same as Eq. (1). Here, we consider only the terms which survive in the heavy quark limit and including the terms up till one derivative. For the light mesons, we consider the chiral field M which transforms as M → g L M g † R under chiral transformation. The effective Lagrangian is written as [16, 17] 
where ∆ provides the mass shift to both G and H in the same direction. After a suitable choice of the potential sector of the light meson Lagrangian which will not be specified here, one can realize the chiral symmetry in the Nambu-Goldstone phase. In such a case, after the spontaneous breaking of the chiral symmetry, the meson field M can be replaced byM +M withM = diag(v, v, v 3 ) being the vacuum expectation value of the chiral field in the isospin limit, which corresponds to the quark condensate, andM being the fluctuation fields. Then, this g π term provides the mass difference between G and H as
where the sub-indices i stand for the light flavor with i = 1, 2 and 3 being u, d and s quark, respectively. Here we use v = f π =92. 4 MeV, so that we obtain g π = 4.65 from ∆M u,d = 430 MeV. Note that the g π term also gives the interaction for the pionic transition between G and H. The relation between these two quantities are known as generalized Goldberger-Treiman relation [5, 6] . On the other hand, the g A term gives the interaction of the pionic transition within G or H. The value of g A is determined from the experimental value of D * → D + π decay as g A = 0.56 (see e.g. [16] ). Now, let us consider the effective Lagrangian for the doubly heavy baryons. As we stated above, the quarkdiquark symemtry relates the Lagrangian to the above Lagrangian for the heavy mesons. The resultant effective Lagrangian is expressed as
By substituting (2) into the Lagrangian (9) and considering the spontaneous chiral symmetry breaking, one obtains the Lagrangian
where S and Φ are defined as M = S + iΦ = S + 2i (π a T a ) with π a being the pion fields and tr (T a T b ) = (1/2)δ ab .
As for the case of heavy mesons, the ∆ term shifts the masses of the DHBs to the same direction, and g π term provides the mass difference between the chiral partners as
which is exactly same as that for the heavy-light mesons in Eq, (8) . Then, the mass difference for the non-strange doubly heavy baryon is determined as
When we identify the quantum numbers of the Ξ + cc observed in Ref. [4] as 1 2 + one can estimate the mass of the state Ξ * + cc as 3950 MeV. We next consider the intermultiplet one-pion decays of the DHBs in the isospin symmetry limit. The relevant partial widths are expressed as
where |p π | is the three momentum of π in the rest frame of the decaying DHB. Other partial widths of different possible charged states can be obtained by using the isospin relation. Our numerical results are given in Table. I. We next consider the DHBs including a strange quark. In such a case, by using the spectrum of the heavy-light meson including a strange quark, one predicts [7] [8] [9] (2317) is regarded as the chiral partner of D s and the dominant decay channel of the former is the isospin violating process D s0 (2317) → D s + π 0 . We further make a comment on the mass splitting of the baryons in a doublet which beyond the scope of the Lagrangian (9) we constructed. Here we just quote the result obtained in Ref. [20] ,
which is smaller than the pion mass. So that, in contrast to the heavy-light meson sector, the one-pion intramultiplet decays are forbidden in the DHB sector due to the kinetic reason. Note that it is reasonable to expect 60% correction from O(1/m c ) to result (16) for doubly charmed baryons [15] [4] , mΩ cc = 3678 MeV [3] and m π ± = m π 0 ≃ 140 MeV as input. Other partial widths of intermultiplet transitions can be obtained by using the isospin relation.
this splitting in QCD under extreme condition. From the lessons in the heavy-light meson sector [17, 21] , it is reasonable to expect that the magnitude of the mass spitting will be reduced in hot/dense matter. Such a scenario might be tested in a future scientific facility. We finally want to stress that the present work mainly concerns the spectrum and dominant strong decay channels of the DHBs. Some other quantities such as the weak transitions of the DHBs through changing a heavy flavor are also interesting phenomenologically. These physics will be reported elsewhere.
In summary, we studied the spectrum and the dominant strong decay properties of the DHBs based on the chiral dynamics. We point out that the mass spitting between the lowest lying DHBs and their chiral partners is about 450 MeV for the unflavored DHBs and 350 MeV for the stranged DHBs. Moreover, we predicted that, due to the kinetic reason, the dominant decay channel of the parity odd strange DHB is isospin violating process therefore the partial width is small. 
